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Abstract
Remote sensing of the atmospheres of distant worlds motivates a firm understanding of radiative transfer. In this review, we provide
a pedagogical cookbook that describes the principal ingredients needed to perform a radiative transfer calculation and predict
the spectrum of an exoplanet atmosphere, including solving the radiative transfer equation, calculating opacities (and chemistry),
iterating for radiative equilibrium (or not), and adapting the output of the calculations to the astronomical observations. A review
of the state of the art is performed, focusing on selected milestone papers. Outstanding issues, including the need to understand
aerosols or clouds and elucidating the assumptions and caveats behind inversion methods, are discussed. A checklist is provided to
assist referees/reviewers in their scrutiny of works involving radiative transfer. A table summarizing the methodology employed by
past studies is provided.
1. What is Radiative Transfer?
Radiative transfer is the science of how radiation interacts
with matter. In the context of an exoplanet, it describes the pas-
sage of radiation that begins with starlight impinging upon its
atmosphere. As the starlight is then either scattered out of the
atmosphere or absorbed, we would like to understand how the
stellar heating, which depends upon the local balance between
the two, is distributed from the top of the atmosphere to the
surface of the exoplanet (if it has one). We also would like to
understand how scattered incident light and thermal emission
escapes the atmosphere and travels into the telescope (and de-
tector) of the astronomer. To build a model of an atmosphere
requires that we understand how to propagate radiation between
its different layers and how absorbent each layer is. The abil-
ity of each layer to absorb, emit, or scatter light depends on its
constituent atoms, molecules and aerosols, which demands that
we understand both their chemistry and opacities.
In the current review, our main focus is on understanding the
various ingredients that go into performing a radiative transfer
calculation, including the assumptions, caveats and techniques.
We discuss how to adapt calculations of a synthetic spectrum to
actual data collected by astronomers. We review key, milestone
papers in the context of this discussion and highlight outstand-
ing issues that need to be resolved. Finally, we provide a check-
list for referees/reviewers to better scrutinize papers that involve
radiative transfer calculations of exoplanet atmospheres.
2. A Cookbook for Radiative Transfer: Understanding the
Ingredients Involved
The ingredients in this cookbook are covered in more detail
in [71], [54], [38] and [34]. Our purpose is to provide a concise
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overview to aid further reading. As such, we generally aim
more to suggest relevant useful papers than to provide definitive
citations.
2.1. Solving the Radiative Transfer Equation
The study of radiative transfer has its origins in stellar astro-
physics. In essence, the radiative transfer equation is a state-
ment of the conservation of energy [13, 58, 59],
µ
∂I
∂τ
= I − S . (1)
This differential equation describes the rate of change of the
intensity (I), which is the energy per unit area, time, wave-
length/frequency/wavenumber and solid angle. It looks deceiv-
ingly simple, because most of the complexity lies hidden in the
source function (S ), which describes the details of absorption,
emission, and scattering—both of the external, impinging radi-
ation and thermal emission.
The optical depth (τ) may be visualized as the generalization
of length in radiative transfer. Length alone is not a good in-
dicator of how absorbent an object is, because it also depends
on its microphysical properties. Hidden in the optical depth is
the density of atoms, molecules and aerosols, as well as their
opacities. For an atmosphere, we write τ =
∫
κ dm˜ with κ being
the opacity and m˜ the column mass.
The radiative transfer equation is generally difficult to solve,
because S contains an integral that involves what we are solving
for in the first place (I). Namely, we have [13, 58, 59]
S = ω
∫
4pi
IPdΩ′ + (1 − ω) B, (2)
where ω is the single-scattering albedo (ratio of scattering to to-
tal cross sections) and P is the scattering phase function, which
relates the incident and emergent paths of light. The integral is
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2performed over all incident angles: Ω′ is the solid angle of inci-
dence. The Planck function (B) accounts for thermal emission
due to the medium having a finite temperature.
The complexity of constructing S , so that equation (1) may
be solved, lies in the integral over solid angle. To know how
much light a finite portion of the atmosphere may scatter into
a component of the radiation field, traveling at a given angle
to the local atmosphere, requires knowing the local incident ra-
diation field at all angles, which in turn requires knowing how
much light every other layer has already scattered. A further
complexity is that there are typically two components to the ra-
diation field, which can be visualized by thinking about the day-
time sky as seen from the surface of Earth. The incident stellar
flux consists of a direct beam (the disk of the sun) as well as a
background scattered component (the blue sky, perhaps punctu-
ated by clouds). Meanwhile, the unseen (for humans) thermal
component of the radiation is the much more homogeneously
distributed upward and downward fluxes emitted by the ground
below and atmosphere above. Treating the radiative transfer,
particularly the scattering, of these components with disparate
angular distributions is a challenge.
One solution to the radiative transfer problem is the Feautrier
method, which combines a pair of radiative transfer equations
for the incoming and outgoing intensities into a single, second-
order differential equation for the total intensity [59]. [38] pro-
vide a detailed account of this and other solution methods as
well as a discussion of their accuracy and speed. An important
caveat is that the conventional Feautrier method does not permit
a general treatment of anisotropic scattering [59], but it may be
adapted to allow for it (see [77] and Section 12.2 of [38]). [78]
have suggested that the Feautrier method performs poorly for
gas giants experiencing intense stellar irradiation.
In cases where iterative calculations, and thus numerical ef-
ficiency, are required faster radiative transfer methods are de-
sired. A full discussion of the range of methods is not possible
here, but a few popular methods are discussed.
Two-stream solutions (e.g., [68, 57]) aim to balance speed,
simplicity, and ease of implementation with an acceptance of
lower accuracy. The key simplification in the two-stream so-
lutions is to solve for the moments of the intensity, rather than
the intensity itself, which allows us to avoid specifying in detail
the functional form of the scattering phase function. In gen-
eral, two-stream solutions are useful for computing angularly-
averaged quantities such as heating rates and albedos. [57] pro-
vide a comprehensive summary of various approaches for im-
plementing two-stream approximations.
Care must be taken that the correct variant of the two-stream
solution be applied to a given physical situation. For exam-
ple, some two-stream methods give unphysical solutions when
there is a collimated incident beam, such as from the stellar host
[57]. The delta-discrete ordinates two-stream method [44, 57],
or one of its extensions, is most appropriate in this situation
of a discrete incident beam. This method is used in the irradi-
ated models of [53] and [18], as well as in subsequent papers
by these authors, and it is often employed in the Solar System
literature. A recent look at the accuracy of two-stream meth-
ods for the calculation of heating rates in Earth’s atmosphere is
given in [6]. A generalization of the delta-two-stream method,
the delta-four-stream method [14, 45], provides better accuracy
in cases of non-isotropic scattering and is used in some general
circulation models. Some exoplanet modelers circumvent han-
dling of the direct incident beam by treating the incident flux
with a hemispheric average, essentially smearing out the stellar
flux as an upper boundary condition, rather than accounting for
the discrete beam, but this is a poor approximation in relatively
clear atmospheres and can give spurious heating rates and ther-
mal profiles.
An extension of the two-stream method, appropriate for treat-
ing the case of the more uniform thermal emission, is to assume
a functional form for the scattering phase function and also as-
sume that the intensity contained in the integral is given by the
two-stream solution [82]. This allows for the angular depen-
dence of the emergent intensity to still be computed given the
approximation that the initial angular distribution of the inten-
sity that appears in the scattering source function is given by
the two-stream solution. This two-stream source function tech-
nique is well suited to the calculation of layer heating rates and
forms the basis of the thermal component of radiative transfer
employed by [55], [18], [12] and [62]. Both the two-stream
and two-stream source function approaches are able to incor-
porate non-isotropic or anisotropic scattering [57, 82, 30]. An-
other approach is the discrete ordinates method, which approx-
imates the integral in the source function by a series expansion
in terms of Legendre polynomials [13]. This also allows for
the treatment of multiple streams but this method can also give
unphysical results in some cases [57]. [57] and [82] present ta-
bles showing the accuracy of various two-stream solutions in a
variety of both limiting and plausible test cases.
A number of modern radiative transfer methods have been
developed to solve the radiative transfer equation with greater
accuracy and flexibility than the two-stream approaches but at
the cost of more computational cycles. Several of these are dis-
cussed in [38]. A method that has its origins in the study of stel-
lar atmospheres is accelerated lambda iteration. The method
treats the scattering part of the source function iteratively by
using appropriate operator-splitting (or preconditioning) meth-
ods known from linear algebra [59, 37, 38]. Iterations continue
until any desired level of accuracy is achieved. Chapter 13 of
[38] provide a detailed historical account and explanation of the
accelerated lambda iteration method, as well as figures illustrat-
ing the accuracy of the solution as a function of the number of
iterations.
Conceptually, the radiative transfer solution enables us to
propagate flux from one model atmospheric layer to the next,
treating in detail both the absorption and scattering of exter-
nal radiation and the thermal emission of the layer. The choice
of radiative transfer solution is often driven by a compromise
between accuracy and computational speed. In many prac-
tical cases, small errors in the radiation transport are accept-
able as they can be dwarfed by other uncertainties in the prob-
lem, such as the atmospheric composition, aerosol scattering
phase function, opacities, and so on. The relative merits of
any particular approach are always a lively topic for discussion
by atmospheric modelers. The appropriateness of any method,
3however, ultimately rests with the proper implementation for a
given problem. One drawback in the modern use of standard
radiative-transfer routines is that appreciation of the limits of
a given method can be overlooked by casual users. Thus, any
user is advised to investigate the strengths and limitations of
any radiative transfer package they may employ.
2.2. Calculating the Opacities of Atoms and Molecules
To compute the optical depth and thus perform radiative
transfer calculations, we need to know the functional form of
κ. Gaseous opacities generally depend on temperature, pres-
sure and wavelength [20, 21]. They are essentially a collection
of spectral lines, each of which has a strength and a shape. The
strength of each line may be constructed from quantum me-
chanical quantities such as the Einstein A-coefficient and the
oscillator strength [66]. The classical shapes of spectral lines,
accounting for the convolution of the Lorentz and Doppler pro-
files, are described by the Voigt profile (e.g., [15]), but the far
wings of the line profile must account for the pressure broad-
ening from collisions between atoms or molecules (see e.g.,
Section 3.2 of [25]). Much of the relevant theory in the astro-
physical literature was developed for atoms, but for relatively
dense, molecule-rich planetary atmospheres the true line shape
remains a complex physics problem [79], which must account
for effects such as line mixing. This is a particular issue at very
high pressures, where the line shape is difficult to predict ac-
curately. Nevertheless, many hot-Jupiter exoplanet atmosphere
models, particularly for higher gravity planets, extend to depths
of 1000 bars or more where the opacity is essentially unknown,
an important caveat that is seldom mentioned.
The input data for constructing the spectral lines may be
obtained from databases such as HITRAN [66], HITEMP [67],
ExoMol [80] or other sources [72]. Beyond choosing among
sometimes conflicting opacity databases and assigning widths
for lines in various bands, a particular challenge involved in cal-
culating opacities is computational efficiency [23]. This is be-
cause one has to compute the line shape for billions of lines for
a set of atoms and molecules across a grid of temperature and
pressure—for an integral that is formally indefinite, although a
trick exists for evaluating the Voigt profile as a definite integral
(e.g., [23]).
A true line-by-line calculation of radiative transfer would em-
ploy opacities that resolved the shape of each and every line.
In practice, we often use a technique borrowed from the atmo-
spheric science community known as the k-distribution method,
which is capable of reducing an opacity function consisting of
billions of lines into a small number of bins (∼ 10–1000) each
with a smooth, cumulative function [22, 43]. The k-distribution
method is only exact in the limit of an isothermal, isobaric at-
mosphere containing one species of atom or molecule. Other-
wise, to use it is to invoke the correlated-k approximation; see
discussions in [23] and [3]. A conceptually simpler approach
is to coarsely sample the opacities at discrete wavelengths or
frequencies, which we term opacity sampling. This approach
assumes that if a sufficiently large number of discrete wave-
lengths are sampled, fluxes can be reliably computed. Differ-
ent groups rely on various approaches for selecting the sampled
wavelengths and the accuracy of the final flux calculation de-
pends on the number and spacing of these wavelengths.
2.3. Calculating the Relative Abundances of Atoms and
Molecules (Chemistry)
Carbon, hydrogen, oxygen, nitrogen, sulphur, phosphorus
and the other elements are typically sequestered in molecules
at the temperatures and pressures encountered in exoplanet at-
mospheres. Aerosols may form out of the gas. Within each
layer of the atmosphere, the relative abundances of atoms (e.g.,
sodium, potassium) and molecules (e.g., water, methane, car-
bon monoxide) are determined by the temperature, pressure,
ultraviolet irradiation environment (for photochemistry) and at-
mospheric mixing (which delivers material from other layers).
It is helpful to visualize the system as a network of reactants
and products, some of which are transient. Each of the links
between nodes in this network may be described by a chemical
timescale. When a specific molecule (e.g., methane) is con-
verted to another molecule (e.g., carbon monoxide), one may
compute an effective chemical timescale through this network
associated with the conversion. When this effective timescale
is shorter than the dynamical mixing timescales of the atmo-
sphere, then the layer is in chemical equilibrium.
Chemical equilibrium may be computed using a procedure
known as Gibbs free energy minimization [84], which is the
chemical analog of minimizing the Lagrangian in Newtonian
mechanics. Only the reactants and products matter, and not the
pathways taken (e..g, [9, 46, 49, 31]), which renders compu-
tation comparatively easy. However, if the chemical and dy-
namical timescales are comparable, then one needs to solve a
large set of mass conservation equations with source and sink
terms, analogous to solving the equations of motion in classical
mechanics (e.g., [63, 83]). This is known as chemical kinet-
ics. In some cases, including the canonical methane-to-carbon-
monoxide equilibration, the precise intermediate molecular
pathways are not perfectly known, so conversion timescales can
be inherently uncertain (see the discussion in [85]).
2.4. Cloud and Haze Opacity
Every Solar System planet with a substantial atmosphere is
home to clouds and hazes, generally termed aerosols. Ex-
oplanet atmospheres are no exception (e.g., [33]). Properly
handling the radiative transfer in the presence of atmospheric
aerosols adds another layer of complexity to the calculation. A
common approach is to treat aerosols with Mie theory, which
implements the exact solution of Maxwell’s equations in ideal-
ized spheres. If the composition is known, the real and imagi-
nary indices of refraction can be employed to compute the scat-
tering and absorption efficiencies of spheres of a given size.
Monodisperse spheres, however, exhibit strong interference ef-
fects in the efficiencies as a function of wavelength, but such
effects are seldom seen in nature as they are washed out in
the presence of even a modest distribution of particle sizes or
realistic irregular shapes. Thus, it is important to include a
range of particle sizes—and never only a single size—in al-
most all realistic cases [26]. A variety of different size distri-
butions are commonly used, including log-normal, power-law,
4Hansen-Hovenier, and others. Further complexities, such as
non-spherical or layered particles, can be introduced but such
refinements are unlikely to be warranted by the available exo-
planet datasets in the near future.
With Mie theory, one can compute the angular dependence of
scattered radiation and this could rigorously be used in the ra-
diative transfer solution, but it is instead common practice to ap-
proximate the exact calculation with an analytical approxima-
tion, such as the Henyey-Greenstein phase function, for compu-
tational speed—often in conjunction with a two-stream calcu-
lation. However, this approximation can also introduce errors
of 5–10% in computed quantities; see the appendix of [6] for
an example.
The difficulty in any forward modeling application is deter-
mining the location, number densities, sizes, and optical proper-
ties of any atmospheric aerosols. The properties of hazes from
photochemical processes and clouds from the condensation of
atmospheric species can be estimated of course, but the pres-
ence of these opacity sources alters the radiation budget of an
atmosphere, requiring further iteration to find a self-consistent
solution. A more detailed review of such issues can be found in
[56].
2.5. Iterating for Radiative Equilibrium (Or Not)
Opacities depend on temperature, but the temperature struc-
ture of an atmosphere also depends on the opacities. Clearly,
some form of iteration has to occur to obtain a converged
model. How is this iteration performed? What is the condi-
tion of convergence? Physically, from conservation of energy
we expect that at radiative equilibrium the sum of all radiative
fluxes into and out of an atmospheric layer to be equal to zero.
The sum must account for energy absorbed and emitted by the
layer, as well as the passage of radiation through the layer from
the incident flux and any internal heat flow—plus the incident
flux absorbed below the layer. This means that if a given layer
absorbs incident flux, either from stellar radiation or from the
thermal flux emitted from below, the layer must heat up until
it can radiate the amount of energy it absorbs while transmit-
ting the unabsorbed flux from below. If a layer absorbs incident
flux but the gasses in that layer are poor radiators in the ther-
mal infrared, the layer temperature must increase until the layer
can emit adequate flux to balance that absorbed. For a simple
parameterization, see [64].
To find the atmospheric structure that satisfies these require-
ments requires multiple iterations of the temperature profile.
This iteration continues until the temperature reaches a steady
state and radiative equilibrium is established. Radiative equi-
librium is a statement of the local, rather than the global, con-
servation of energy. Local energy conservation implies global
energy conservation, but not vice versa [32]. Whether radiative
equilibrium is an appropriate condition to enforce in model at-
mospheres remains an active topic of debate. Departures from
radiative equilibrium can occur when other energy transport
mechanisms, such as convection or breaking of atmospheric
gravity waves, are important. When convection is important,
the atmospheric thermal profile must be iteratively adjusted as
well, e.g., see discussion in [54].
2.6. Adapting Your Calculations to Astronomical Observations
A self-consistent, converged radiative transfer calculation
yields the radiation escaping from the top of the model
atmosphere—the predicted spectrum, which is the flux as a
function of wavelength or frequency. Such predictions may be
directly compared to spectra of exoplanet atmospheres. The
exact nature of the comparison depends upon the type of exo-
planet data that is being modeled.
For transiting exoplanets, the appropriate comparison de-
pends on whether one is interested in transmission or emission
spectra. For emission spectra, it is the ratio of the flux of the
exoplanet atmosphere to that of the star that is measured. It
requires knowledge of the spectrum of the star. Typically, the
Kurucz [42] or PHOENIX [1] stellar models are used. For trans-
mission spectra, it is the ratio of the radius of the exoplanet to
that of its star that is measured. The transit radius corresponds
to the chord cutting across the exoplanet atmosphere that has an
optical depth on the order of unity [17]. The transmission spec-
trum is calculated by locating the transit radius at each wave-
length [7, 35]. Transmission spectra are relatively insensitive to
temperature, although the strength of spectral features in trans-
mission are sensitive to pressure scale height, which depends
on temperature, as well as gravity and mean molecular mass.
For directly imaged exoplanets, the quantity of interest is of-
ten “contrast” or the ratio of the wavelength-dependent bright-
ness to that of the star, which must be known. Because high-
contrast coronagraphic observations discard the light of the star
itself, the planet flux must be inferred from the contrast ra-
tio and the separately observed or modeled stellar flux. In
this sense, direct-imaging observations are not unlike thermal-
emission observations of transiting planets.
3. Highlights of the State of the Art
We focus on the papers that laid the foundation for the ap-
plication of radiative transfer in subsequent papers concerning
exoplanet atmospheres, while recognizing that there is a sub-
stantial literature on stars, substellar objects and brown dwarfs
(which we do not review here).
3.1. Milestones
Broadly speaking, the radiative transfer codes being used in
the literature can be traced back to having a planetary science or
brown dwarf (and stellar) origin. [69] were the first to calculate
self-consistent models of irradiated gas giants using a Feautrier-
method code originally developed for binary stars, demonstrat-
ing that intense stellar irradiation renders the photospheric re-
gions more isothermal.
At about the same time, [52] published thermal-structure
models of a few extrasolar giant planets using a giant-planet-
atmosphere model originally developed to study the atmosphere
of Uranus [53]. This treatment of incident solar and emitted
thermal fluxes was based on the radiative transfer scheme of
[82] as originally applied to Titan by [47], and formed the foun-
dation for later studies by this group (e.g., [17]). Using this ap-
proach, [18] supported the prediction of [39] that two classes of
5hot Jupiters exist based on the absence or presence of temper-
ature inversions in their atmospheres as mediated by titanium
and vanadium oxide, although today there is only tentative evi-
dence for the detection of titanium or vanadium oxide in one hot
Jupiter, WASP-121b [16]. Other early examples of planetary-
science-heritage radiative transfer being applied to exoplanet
science are the work of [24] and [40].
Early studies of brown dwarf atmospheres, which led directly
to subsequent exoplanet models, included the work of: [51] and
[8], which built on the planetary [53] formalism; [2], which
grew from the stellar atmospheres studies of [1]. [8] coupled
the radiative transfer calculations to interior models to compute
evolutionary tracks for brown dwarfs and young gas-giant plan-
ets. Later, [10] adapted the TLUSTY computer code, which has
a heritage from stellar atmospheres [36, 37], towards studying
hot Jupiters. [78] studied gas giants at different orbital dis-
tances from their stars and elucidated the influence of stellar
irradiation on their spectra. [11] furthered the debate on tem-
perature inversions in hot Jupiters and the identity of the un-
known species causing these inversions. [75] used the same
computational setup to suggest that titanium oxide may cause
temperature inversions only if the atmospheric mixing is strong
enough to replenish it against rainout. [76] modeled gas giants
with different initial entropies (cold, warm and hot starts) and
made predictions for how these scenarios may be distinguished
observationally.
[77] coined the term “roasters” for hot Jupiters and predicted
low albedos in the range 900 ≤ Teq ≤ 1500 K (where Teq is
the equilibrium temperature), but increase when Teq ≥ 1500 K.
The reasoning is that the condensation curves of silicates (e.g.,
enstatite) intersect the temperature-pressure profiles of these
Teq ≥ 1500 K atmospheres at higher altitudes and conceivably
produce aerosol layers that have high albedos. Observations of
the geometric albedo have instead indicated that it is somewhat
constant with equilibrium temperature, suggesting that the for-
mation of aerosol layers is a more complicated process [29].
[4] used the PHOENIX code to compute grids of model atmo-
spheres for irradiated gas giants and concluded that the presence
of aerosols affects both the temperature structure and emergent
spectrum. [5] suggested that the inflated radius of HD 209458b
cannot be caused by stellar irradiation alone, and that an extra
source of energy is required for its inflated radius.
[73] recognized that the tidally-locked, highly-irradiated hot
Jupiters required the coupling of radiative transfer to three-
dimensional fluid dynamics. They coupled a general circulation
model (GCM) to the radiative transfer code of [53], but em-
ployed the two-stream approximation and k-distribution tables
to boost computational efficiency. [73] was the first study to
confront synthetic spectra and phase curves from a GCM with
measured data.
Special attention has also been given to the calculation of
transmission spectra [7, 35, 17]. [70] predicted that the sodium
and potassium lines would be readily detectable, a prediction
that has been verified by subsequent observations (e.g., [74]).
[10] emphasized the importance of distinguishing between the
photospheric and transit radii1. [60] elucidated the strength of
features in the transmission spectra of super Earths and its rela-
tionship to the mean molecular mass of the atmosphere. [19]
suggested that the transmission spectra of low-density super
Earths and mini-Neptunes could be flat because of high mean
molecular weight or photochemical hazes, and proposed obser-
vational tests for how to distinguish between these two scenar-
ios. Recently, [65] investigated the importance multiple scatter-
ing, which had previously been neglected, may play in certain
transit-spectroscopy observations.
3.2. Outstanding Issues
The traditional modeling approach is to combine all of the in-
gredients we described, which involves making a set of assump-
tions, and performing radiative transfer calculations to make
predictions on the temperature structure and spectrum of an ex-
oplanet atmosphere. An alternative approach, which has its ori-
gins in the study of the Earth’s atmosphere, is to solve the in-
verse problem instead: starting from the measured transmission
or emission spectrum, can we back out the chemistry and tem-
perature structure [48]? This approach is known as atmospheric
retrieval. Generally, one needs to make a compromise between
the accuracy of the representation of physics and chemistry ver-
sus the need for computational efficiency. The parameter space
of a model exoplanet atmosphere is potentially vast and multi-
dimensional, and one of the challenges involved with retrieval
is to thoroughly explore this parameter space, not get trapped
in local minima, and understand the biases and degeneracies
involved. Ideally, one would like to back out the physics and
chemistry given the data. In reality, there are systematic biases
1Order-of-magnitude considerations already inform us that the pressure
level corresponding to the transit radius should be ∼ √H/R smaller than the
photospheric pressure, where H is the pressure scale height and R is the transit
radius.
6implicitly built into the model used, because of the simplify-
ing assumptions applied—one is instead backing out the model
given the data.
One of the challenges related to radiative transfer is to un-
derstand, from first principles, how aerosols form and evolve,
and to include their radiative influence into one’s calculation.
In principle, one starts from a set of elemental abundances,
predicts the composition of the gas, condenses out seed par-
ticles from the gas and evolves them to form a size distri-
bution of aerosols—probably of heterogeneous composition—
and accounts for their radiative effects on the atmosphere self-
consistently [27]. This is a problem at the interface of micro-
physics, atmospheric modeling, and radiative transfer. Whether
approaching the problem from a forward modeling or retrieval
perspective, some simplifications must be made or else one runs
the risk of drowning in free parameters. Identifying the right
simplifications that will inform, but not overwhelm, is a fore-
front problem in exoplanet atmosphere modeling.
4. A Checklist for Referees and/or Careful Readers
When reviewing a paper, either as a referee or a reader, it
is often difficult to obtain complete knowledge of the radiative
transfer method used because of omitted information. To ad-
dress this issue, we introduce the following checklist of ques-
tions.
• What is the form of the radiative transfer equation being
solved? Is the geometry plane-parallel or spherical? Are
there simplifying approximations being invoked (e.g., pure
absorption limit)?
• What is the method of solution of the radiative transfer
equation (e.g., two-stream, Feautrier)?
• How is the incident stellar flux assumed to be treated at
the top of the model, i.e., as a discrete beam or a smooth
distribution in angle?
• For the opacities, what are the atoms and molecules being
considered? What are the spectroscopic databases being
used to construct the opacities? Is collision-induced ab-
sorption included? Is pressure broadening included, and if
so are the spectral line wings being truncated at a certain
wavenumber? Has a treatment for the continuum opac-
ity been applied to compensate for the truncation of these
line wings? How are widths assigned to individual lines
within various bands and are they appropriate for H2 (or
whichever gas is dominant in the atmosphere) broadening?
• What is the method used to include the opacities in radia-
tive transfer? E.g., k-distribution method with correlated-k
approximation, opacity sampling.
• What is the spectral resolution being used to sample the
opacities? Have the authors explicitly performed con-
vergence tests to demonstrate that the resolution is suffi-
cient? Numerical convergence and spectral resolution of
the measured data are separate issues. A model should
first demonstrate convergence, and then be binned down
to the spectral resolution of the data.
• If the authors claim to perform a “line-by-line” treatment
of radiative transfer, have they explicitly stated their spec-
tral resolution of the opacities? Does this spectral reso-
lution qualify as being line-by-line? As an example, one
naively expects that a Gaussian curve cannot be resolved
with one sampling point.
• Is scattering being included? Is the scattering isotropic or
anisotropic? Has a specific functional form been assumed
for the scattering phase function?
• Is an aerosol model included? It is possible to include scat-
tering without including aerosols. It is also possible to par-
tially include the effects of aerosols by specifying a finite
Bond albedo, but this does not account for the fact that
scattering will alter the shape of the temperature-pressure
profile [28].
• Is a chemistry model included? Has chemical equilibrium
been assumed? Is photochemistry included? If a chemical
kinetics code is being used (to treat disequilibrium chem-
istry), what is the value or vertical profile being assumed
for the eddy mixing/diffusion coefficient?
• For chemical kinetics, what is the size of the chemical net-
work being employed? How many species and chemical
reactions have been considered? Has it been demonstrated
that the computer code reproduces chemical equilibrium
as a sanity check?
• For photochemistry, what is the range of ultraviolet wave-
lengths being considered? What is the spectral resolution
of this wavelength grid? Have the authors demonstrated
that their results are robust to the spectral resolution of
their ultraviolet wavelength grid?
As a resounding example of how the radiative transfer
method used may affect the conclusion drawn, [41] revisited
the atmospheric modeling of early Mars using a discrete or-
dinates method and found that two-stream calculations over-
estimated the scattering greenhouse warming by several tens of
degrees, because the two-stream treatment is inaccurate when
large2 aerosols are involved. In the case of Mars, the large
aerosols take the form of carbon dioxide ice clouds. The more
accurate calculation using the discrete ordinates method pro-
duced atmospheric models with temperatures below the freez-
ing point of water, suggesting that carbon dioxide ice clouds
alone are insufficient for maintaining liquid water on the sur-
face of early Mars.
As we transition into a higher-precision era of compara-
tive exoplanetology, a natural next step for the exoplanet at-
mospheres community to take is to elucidate the assumptions,
caveats and limitations of the theoretical tools used and how
they influence the conclusions drawn.
2“Large” has a well-defined meaning in radiative transfer: it means that the
size of the aerosol is much larger than the wavelength of light it is scattering.
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